We report an advanced laser imprinting technique with low cost, quick and minimal environmental impact. Microindents were obtained on Ni50Ti50 (at. %) SMAs using an Nd:YAG laser with 1064 nm wavelength at 10 Hz. Laser pulses at selected fluences were focused on the NiTi surface and generated pressure pulses of up to a few GPa. Scanning electron microscope (SEM) and optical microscope images showed that surface patterns with tailorable sizes can be obtained, where the depth of the patterns increased with laser power and irradiation time. Upon heating, the maximum depth recovery ratio of 30 % was observed. Recovery ratio decreased and stayed around 15 % when the amount of time and thus the indent depth was increased. Laser-induced shock wave propagation inside the material was simulated and the stress wave was shown to closely follow the rise time of the laser pulse to its peak value and initial decay. Rapid attenuation and dispersion of the stress wave were observed.
INTRODUCTION
Micro/nanoscale patterning onto metallic components has gained great significance in aerospace, microelectronics, and biomedical sectors [1] [2] [3] [4] . Lasers have opened new ways to fabricate periodic structures directly on polymers, ceramics, metals, and more dimensional surface patterns on variety of metallic components in a wide range of industries [1, 2, [5] [6] [7] [8] . Surface patterning by lasers is flexible, environmentally friendly, remote and contactfree, precise, scalable, and doesn't involve any etching process [5, 9] .
In laser-assisted patterning, a high energy laser pulse generates high amplitude plasma pressure (>1 GPa) that creates a strong shock wave, and consequently, forming three-dimensional microindents [10] [11] [12] [13] . Even a single laser pulse can create pattern once the power density exceeds the certain threshold. Laser shock wave imprinting offers variety of advantages where any template can be transferred onto desired surface with high fidelity. Patterning of the predetermined template is highly scalable and the size and shape of the template allows precise control. These characteristics makes laser-induced shock wave assisted imprinting highly desirable in patterning of functional devices especially in aerospace applications.
During laser-assisted patterning process, parameters such as the laser wavelength, energy density, repetition rate, pulse duration, spot size on target, target composition, and surface quality in addition to laser-produced plasma properties, such as degree of ionization and temperature of plasma species play important roles [14, 15] . As the shockwave travels through substrate, plastic deformations occur to a depth where the peak pressure drops below the Hugoniot elastic limit. Amount of deformation depends on the pressure. Therefore, it is important to estimate the peak pressure which is given by
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Substrate where Io is the incident laser power density, P is the pressure, and Z is the reduced acoustic impedance between a target and medium, and δ is the efficiency of plasma material interaction [16] .
SMAs are a class of active materials that can change their shape reversibly with a change in temperature, stress or magnetic field. Among SMA applications, morphing at micro and macro scales attracts considerable interest [17, 18] . For instance, surface roughness and texture can drastically alter the characteristics of turbulent flow, and, thus, the drag and friction forces exerted on the surface of a moving object in a fluid [19, 20] . It has been reported that the "riblets" on the shark skin can reduce the wall shearing stress or wall friction up to 10% while many surface structures are known to increase friction and drag force [21, 22] . Consequently, it may be possible to optimize the flight characteristics of moving objects by reversibly controlling surface roughness and texture. For micro-morphing, shape memory surfaces can be produced by embedding SMAs into aircraft structure and forming "hybrid structures" [23] [24] [25] . The temperature change (e.g. triggered by electrical current) will activate SMAs and surface geometry will change upon phase transformation where transformed surfaces could generate very different drag or friction forces that can be optimized for aircraft operation. SMAs can produce reversible surface protrusions based on the phase change between martensite and austenite. Thermal cycling which may be repeated indefinitely, results in a 'bumpy' or flat surface [25, 26] .
In this study, we have patterned NiTi shape memory alloys with different templates. We have also analyzed the changes in depth of the generated patterns on NiTi SMA with respect to the laser energy density and report optimum conditions to generate smooth patterns with the highest depth.
EXPERIMENTAL METHODS
The SMA alloys were firstly electrical-discharge machined to a circular plate with a diameter of 10 mm and thickness of 1mm. The surface roughness of samples were reduced to 0.05µm in five steps by using Buehler EcoMet 250 Grinder-Polisher with an AutoMet 250 Power head. Transformation temperatures were determined by using a Perkin-Elmer Pyris 1 differential scanning calorimeter (DSC). The martensite and austenite start and finish temperatures (Ms, Mf, As, and Af, respectively) are 78 °C, 45 °C, 85 °C, 122 °C. Samples were patterned by the nanosecond Nd:YAG pulsed laser Continuum Surelite II. Laser has a fundamental wavelength of 1064 nm, pulse width of 5 nanosecond, 10 Hz repetition rate and Gaussian shape with 6 mm diameter of unfocused beam (measured at 1/e 2 ). The experimental setup for pulsed laser assisted shock wave imprinting in our lab is shown in Figure 1 . After the patterning, copper grid was peeled off and the graphite layer was washed off by acetone. Morphological properties of the surface were investigated by SEM (Jeol 6510LV) and a light microscope (Keyence VHX500F) and depth recovery were measured and analyzed by a laser profiler (Zygo, NewView 7300). Width (pm)
RESULTS
Laser-induced shock wave can successfully transfer almost any template on any material as long as the right parameters are used. For example, successful imprinting of (a) hexagonal and (b) square copper grid onto aluminum sample by a single pulse with energy of 6.4 J/cm 2 is shown in Figure 2 . Aluminum was obtained from commercially available source. After irradiation, patterned surface is visible with SEM. These patterns were generated under the outlined area of copper grid which shows the ablation of the copper and due to the punch of the copper grid onto the sample. Figure 2 shows that resulting pattern has high fidelity. Patterning of the predetermined template is highly scalable where size and shape of the template allows precise control. The laser beam can be scanned over the surface to produce the desired pattern at large scale. By changing the number of pulses at each point and laser fluence, depth of the pattern can be controlled precisely. SMAs show stress-induced recovery, which is mainly obtained by nanoindentation, a technique where indenter is pushed against the material to promote large-stress induced transformation [27] [28] [29] [30] . In this work, we have used laser surface imprinting as an alternative to nanoindentation. Figure 3 effect (SME) [31, 32] . Upon deformation or processing, the reversible two-way shape memory effect (TWSME) could be obtained. Figure 3(b) shows the line scan of the patterned surface obtained with 2 J/cm 2 . The average depth of the indent is around 1.5 μm. As expected, patterns that were generated on the surface have the similar dimensions as the copper grid. In order to find the optimum laser parameters to achieve the highest and the smoothest patterns with high recovery ratio, pattern with different depths was obtained by changing laser energy density between 0.7-3.2 J/cm 2 . Figure 4(a) shows the change in depth of patterns generated on the surface with respect to laser energy density. These depth measurements are the average depth of 8 different points from 3 separate samples.
The recovery of patterned SMA surfaces was investigated by heating the samples to 160 °C and measuring their depth profile and maximum depth. Linear depth profiles were measured at 4 different positions to get better reliability. Upon the determination of maximum indent depth at 160 °C, the recovery rate, difference between hot and cold state over cold state, was calculated as a function of energy and duration. As shown in Figure 4 (b), our initial results show that recovery ratio of 30% can be obtained when the laser energy density was 0.18 J/cm 2 and irradiation time 1 second with total 10 pulses. The recovery ratio subsequently decreased to 15% with increasing depth.
It is well known that lasers can produce high temperature and high pressure when absorbed by a material. In most of the practical applications, it is critical to determine the heat transfer mechanism for accuracy of laser processing. To better understand the pressure propagation, a numerical simulation of pressure evolution in copper irradiated by a nanosecond pulsed laser (1064 nm wavelength, 10 Hz, 150 mJ, 3 mm beam diameter, 5 ns pulse width) was conducted using the fifth-order weighted essentially non-oscillatory finite volume method [33, 34] coupled with a Mie-Gruneisen model [35] . The energy flux due to the laser irradiation is modeled as a volumetric heat source in the energy equation. Beer's law with a Gaussian distribution describes the absorption of laser energy where ( , ) is the surface coordinates of the laser beam center and = − measures the depth from the surface. Here, 0 , , , 0 and 0 are laser energy intensity, reflectance, absorption coefficient, pulse width and the beam radius, respectively. In this study, the absorption coefficient is 8.3 × 10 7 m -1 and the energy transferred by radiation is not considered. Figure 5 illustrates the surface pressure and temperature evolution computed at ( , ) for 150 mJ/pulse.
Our preliminary result shows that pressure is strongly dependent on the value of total incident laser energy density and the peak pressure value increased with laser energy density. The hydrostatic pressure of > 8 GPa and temperature of > 6000 K could be generated when laser energy intensity of 2 J/cm 2 laser pulse is used. 
CONCLUSION
In this report, we have shown successful patterning of NiTi shape memory alloys by an advanced direct imprinting method using nanosecond laser pulses with low cost, quick, and low environmental impact. Square templates were successfully imprinted on NiTi. Laser energy was shown to play an important role for surface patterning. Time evolution of laser-induced shock wave and temperature was also simulated, which showed that the pressure wave closely follows the laser pulse rise time and attenuates as the time advances. Laser-induced shock wave imprinting appears to be strong candidate to replace nanoindentation to obtain two-way shape memory effect.
